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An Apparatus and Method for Distance 
Measurement with Controlled Modulation of Emitted Pulses 

CROSS- REFERENCE TO RELATED APPLICATIONS 

[0001] This application claims the benefit of and priority from U.S. Provisional 

Patent Application Serial No. 60/449,487 filed 21 February 2003, which is hereby 
incorporated by reference in its entirety. 

BACKGROUND OF THE INVENTION 

1. FIELD OF THE INVENTION 

[0002] The invention relates to methods and apparatus for pulse transit time-based 

distance measurement 

2. DESCRIPTION OF THE RELATED ART 

[0003] A pulse transit time-based approach is typical among the methods for 

distance measurement. In these methods, a variety of terms such as "transit pulse", "wave 
pulse, "wave train" or "pulse burst" define the same - a pulse or group of pulses 
transferable by an oscillating agent (a waveform) from the pulse generating device toward 
a target; said pulse burst then reflected at the target presumably back to the pulse 
generating device. Any pulse transit time-based method for distance measurement requires 
knowledge of the time elapsed between the transmission of the wave pulse and receiving 
the wave pulse reflected at the target: pulse transit time (PTT). The oscillating agent could 
be of a different physical origin including but not limited to electromagnetic waves, light 
or sound. Regardless of the type of energy involved, every pulse transit time method 
measures PTT for its further conversion into a sought distance and suffers from passive 
and active disturbances. The passive disturbances result from reflections produced at fixed 
targets that differ from the true target. The active disturbances are created either by 
spurious sources of the same physical nature the transmitted pulse burst is or caused by 
electromagnetic interference at inputs of the measuring system's electronic hardware. 

[0004] The US Patent 5,877,997 may serve as an example of using ultrasound 

pulses for the pulse echo distance measurement. The method of this patent implements the 
sought distance determination by measuring the pulse transit time of the main (first) 
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transmitted pulse train and including the derived pulse echoes into the analysis to provide 
self-diagnostic checks and eliminate spurious information that might be produced by the 
system's elements internal delays. A particular advantage of this method is that a very 
small distance between the sensor and the target becomes measurable if the medium where 
the ultrasound pulses propagate is a fluid with low acoustic signal decrement. In those 
cases where the loss of the acoustic energy is high, such as in the air medium, the derived 
echoes are very weak limiting the applicability of the method of measurement. In addition, 
the method of the discussed patent does not address the problem of protecting the distance 
measurement against the passive and active disturbances. 

[0005] Another example of the acoustic pulse transit time method for distance 

measurement is described in the US Patent 5,793,704 where issues relating to the transit 
time accurate measurement are well defined. The patent discloses that low energy echo- 
signals and fluctuation in the velocity of sound might cause errors in the pulse transit time 
measurement. The PTT is measured through the obtaining and consequently analyzing the 
echo-envelope. According to the patent, the echo-envelope is formed by an emitted 
acoustic pulse burst of the constant amplitude, frequency and off-duty factor. For the PTT 
measurement, the patent recommends using the envelope's maximum value as a 
characteristic parameter of the echo-envelope. In addition, the patent suggests working at 
an upper threshold of the system's linearity that can be obtained through a calibration 
procedure, which is incorporated into each measuring cycle. Therefore, the time position 
of the echo-envelope's maximum becomes a critical parameter that defines the sought 
distance. In other cases, such a characteristic parameter might be a pulse's zero crossing or 
another local element of the echo-envelope that is observable through monitoring of the 
measuring system's signals; is stationary and uniquely defined by the system's rigid 
organization. The discussed example of the prior art uses a single variable that has the 
property of being highly sensitive to the moment of time the echo pulse burst returns to 
the sensor. However, this method does not distinguish between the true target reflection 
and other fixed target reflections and/or effect of active disturbances that might occur in 
the measuring cycle. 

[0006] The US Patents 6,122,602 and 5,822,275 illustrate the utilization of 

electromagnetic wave trains in the pulse transit time method for distance measurement. 
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Particularly, in the patent 5,822,275, a sampling procedure is applied for storing data 
describing echo-envelopes; the data are collected separately for the actual target and for a 
variety of other fixed targets that cause errors during the distance measurement. In the 
'275 patent, the emitted pulses of each measuring cycle are identical and follow at a given 
transmitting frequency. According to the patent disclosure, the implementation of the 
method of this invention requires prior to the measurement cycle, information related to 
the fixed target echos is acquired and stored for use for suppressing the fixed target 
echoes. Apparently, the above-described approach to the distance measurement requires a 
prior knowledge of the fixed targets disposition and is subject to error each time when a 
new unaccounted fixed target appears. This limits the method's applicability and reduces 
its operational speed. Furthermore, the discussed prior art method does not provide for the 
elimination of active disturbances from the process of distance measurement. However, 
the important idea of this method is the creation of the set of several characteristic values 
derived from the echo-envelope; this set is associated with each target and is used in a 
measuring cycle for suppressing echoes from the fixed targets whereby improving the 
accuracy of the PTT and the distance measurement. Also, it is important also to realize 
that the above-described set of characteristic values conforms to the unchangeable 
structure of the measuring device. 

[0007] Application of the light pulses for distance measurement is described in 

the US Patent 5,699,151. The patent presents a device that measures distance based on the 
pulse transit time method. The device functions in the environment where the interference 
light exists and therefore, creates a disturbing addition to the incident light that comes to 
the device's light receiver. The patent describes the way of reducing harmful effect that 
the interference light causes to the accuracy of distance measurement. The principle of 
operation is explained in the patent disclosure as follows: "... when interference light 
exists in incident light, the interference light has the property that, as compared with the 
reflection light reflected by an object of measurement, the intensity is greater and a 
fluctuation in the intensity is small, and that incident light exists even after the distance 
measurement time equivalent to the distance measurable range in which time data is 
measured. In order to exclude the interference light from the process of measurement, the 
device of this patent, is equipped with an interference light detection means, "... 
determining whether interference light exists in the incident light, based on the intensity of 
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the incident light". Because of such action, the invalid distance readings are excluded from 
the device's output. This device demonstrates the feasibility of the pulse transit time 
method with the light waveform agent. At the same time, according to the device's 
method of operation, the readings are protected from the occurrence of the interference 
light at the aperture of the light receiving element. Similar to other shown above prior art 
examples, this method uses at least one specific characteristic of the reflected pulses - the 
intensity of light measured at the opening of the light receiving unit. However, reflections 
from the fixed targets and light emissions from spurious sources together with fluctuation 
in the medium transparency might cause the device to yield an invalid data, or the 
opposite, to block the distance measurement during several measuring cycles. None of the 
discussed above methods and devices provide with an inclusive, oscillating agent- 
independent and effective solution to the elimination of the passive and active 
disturbances from the pulse transit time-based method for distance measurement. 

[0008] Another measuring technique must be mentioned in the prior art section of 

the present invention. This technique suggests modulation of the transmitted pulses for 
increasing the signal-to-noise ratio during the distance measurement. The importance of 
the emitted pulses modulation is that such a technique aims directly against the possible 
disturbances of the measuring process. The US patents 6,128,982 and 5,892,576 are 
indicative with respect to the transmitted pulses modulation in methods for distance 
measurement. The device of the patent 6,128,982 implements a two-step pulse transit time 
method where the first step is for the coarse determination of the PTT and respectively the 
sought distance; the second step is for the fine distance measurement through monitoring 
of the phase shift between the transmitted pulse burst and the returned echo-signal. During 
the first step of a measuring cycle, the emitted pulse of the electromagnetic wave is 
modulated by a pseudo-random digital code of finite length. Once received, the echo- 
signal is converted into a digital code for its further correlation analysis with the 
modulating pseudo-random code that was generated at the beginning of the measuring 
cycle. The purpose of the correlation analysis is a coarse determination of the pulse transit 
time. In general, the principle of the transmitted pulses modulation helps reduce the effect 
that active and/or passive disturbances might have upon the accuracy of the distance 
measurement. However, the pseudo-random code modulation might become harmful 
rather then beneficial with regards to the accuracy of distance measurement. The echo- 
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envelope resulting from the above- mentioned type of modulation might obtain a shape 
similar to the one that occurs by virtue of the action of some passive and/or active 
disturbances. Then, the correlation between the pseudo-random code and the echo- 
envelope digital representation could be established at an incorrect instance of time 
leading to the incorrect calculation of PTT. In addition, due to the stochastic nature of the 
echo-envelope characteristic variable, which is the correlation function peak, the coarse 
PTT measurement mandates the second step of a measuring cycle: sending another pulse 
burst, receiving corresponding echo signal, and evaluating the phase difference between 
the echo signal and the delayed transmitted signal. The delayed transmitted signal is the 
transmitted pulse burst of the second step that was previously delayed by the value of the 
measured PTT of the first step. The process of the second step is not protected from the 
signal distortion that any passive and/or active disturbance might cause. 

[0009] The method of the US Patent 5,892,576 uses modulation of transmitted 

pulses too. The oscillating agent of this method is a pulse burst of light provided by a laser 
and received as echoes by a receiver. According to the abstract of the patent, "(T)he pulses 
are each produced within respective intervals having a common predetermined duration. 
Each pulse is time-shifted relative to the beginning of its corresponding interval. A pulse 
pattern comprising echo signals for each of a series of pulses is used to determine the 
distance to an object producing the echoes". The analysis of the last two prior art patents 
leads to the understanding that every pulse-code method for distance measurement utilizes 
the idea of reducing the probability of erroneous capturing the incoming echo-signal due 
to the creation of a specific echo-pattern through the code-modulation of the emitted 
pulses. A calculation of probabilities in the simple example below demonstrates the 
efficiency of this prior art approach. The probability of the event that a single echo-pulse 
taken by a receiver is an error is denoted by p. Considering the possible method's 
embodiment where the only occurrence of the three consequent pulses is the "true" echo, 
reduces the probability (pi) of receiving the "false" echo to the power of three, pi = p 3 , 
which is, for instance, 1000 times less then the probability p observed in conventional 
methods if given p = 0.1 . The authors of the last patent suggest the application of a variety 
of known statistical procedures for the comparison of the pattern of emitted pulses with 
the pattern of the received echo-pulses. For the direct pattern comparison, the reference 
pattern is obtained through a calibration measurement of "the distance of the reference 
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measurement object from the measuring instrument being approximately zero". Statistical 
methods are naturally time and memory consuming with limited accuracy. In addition, the 
method of the discussed invention offers only one specific type of modulation with the 
duration of the time-shift interval greater then the relaxation time of the laser. It is 
important to admit that the type of modulation of the last patent does not protect against 
the accuracy reducing effect from the variety of passive disturbances existing in the 
medium (reflections from fixed targets). 

[0010] The analysis of the prior art solutions leads to a conclusion that for the 

PTT monitoring the following techniques or combination of them are used: 

• Scalar or vectorial characteristic elements of the received echo-signal; the echo- 
signal exists in two major forms: (a) the form of a pattern of separate pulses - the 
emitting element relaxes before generating each next pulse; (b) the form of an 
echo-envelope - the emitting element generates the next pulse being still involved 
in the process of emitting the previous one 

• Signal-to-Noise ratio improving modulation of the transmitted pulses including 
various versions of the pulse-code modulation 

[0011] In addition, one common property must be attributed to all prior art pulse 

transit time-based methods for distance measurement: none of these methods adapt to the 
environment; the echo-developing technique and echo-processing algorithms of the prior 
art do not reflect changes in the membership of the sets of passive and/or active 
disturbances. However, the transience of the environment where the distance measurement 
is being performed could seriously reduce the accuracy of the PTT and consequently the 
distance measurement. 

[0012] Therefore, the object of the present invention is the improvement of the 

accuracy and the operational speed of pulse transit time-based methods for distance 
measurement regardless of the transmitted pulses' physical origin; the distance 
measurement is being carried out under the intensive influence of multiple passive and 
active disturbances that occur in the chaotically changing environment. 
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SUMMARY OF THE INVENTION 

[0013] According to the present invention, an apparatus for distance measurement 
includes means for generating and sending a pattern of sent pulses toward a target, means 
for receiving a pattern of received pulses reflected at the target, and means for computing 
and controlling that receive, process, transfer, and exchange information between the parts 
of the apparatus and between the apparatus and the environment. Additionally, the 
apparatus for distance measurement includes means for modulating the sent pulses to 
minimize effect of disturbances during the measuring process. Furthermore, the apparatus 
may include means for evaluating obervability of pulse transit time through analysis of 
patterns of sent and received pulses. 

[0014] A method for distance measurement in accordance with the present 
invention includes the steps of setting initial components for a vector of parameters 
defining modulation of sent pulses; emitting a pattern of sent pulses toward a target 
according to the vector of parameters; receiving a pattern of received pulses reflected from 
the target; evaluating observability of pulse transit time through analysis of patterns of the 
sent and received pulses; obtaining a pulse transit time measurement through the analysis 
of the patterns of the sent and received pulses if the evaluation is satisfactory; calculating 
sought distance by taking the pulse transit time measurement as an input if the evaluation 
is satisfactory; performing a correction on the components of the vector of parameters of 
modulation of the sent pulses if the observability evaluation is not satisfactory; and 
returning to the emitting a pattern of modulated pulses step of the method, thereby 
providing an effective protection against disturbances that affect the process of 
measurement. 

[0015] One major advantage of the present invention is that the apparatus and 
method according to the present invention provides an effective protection against 
disturbances that influence the process of measurement of various distances. 

[0016] These and other objects, features, and advantages of the present invention 
will become apparent in light of the drawings and detailed description of the present 
invention provided below. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0017] FIG 1 is a schematic representation of a distance measuring apparatus, 
according to the PI; 

[001 8] FIG 2 is a flowchart of a sequence of operations according to a method of 
measurement according to the present invention; 

[0019] FIG 3 is a flowchart of a sequence of operations of one embodiment of the 
method of measurement of the present invention of FIG. 2; 

[0020] FIG. 4 is a diagram depicting an illustrative example of how a change in the 
environment could affect the accuracy of the PTT measurement; 

[0021] FIG. 5 is a diagram showing how the prior art methods erroneously calculate 
the PTT-variable (Tj) smaller than the PTT- variable's actual value (T ai ): T\ < T ai; 

[0022] FIG. 6 is a diagram showings how the prior art methods erroneously 
calculate the PTT-variable (TO larger than the PTT-variable' s actual value (T ai ): Tj > T ai; 

[0023] FIG. 7 is a diagram depicting the process of forming multiple echo 
envelopes providing for the interference protection in the method of the present invention; 

[0024] FIG. 8 is a diagram showings that by keeping the sum of the pulse burst 
duration and the gap between the consequent emitted pulse bursts smaller than the 
measuring device's transient time, the echo-pulses are "fused" together making a single 
continuous echo- envelope; 

[0025] FIG. 9 is a diagram illustrating the advantage of using minimums of the 
echo-envelope for the interference-free distance measurement by the method of the 
present invention; 
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[0026] FIG. 10 is a diagram showing how the alteration of the number of emitted 
pulses in each or some of pulse bursts creates a continuous code-amplitude modulated 
echo-envelope that significantly increases the number of informative parameters for 
further interference protection during measurement and allows simultaneous use of more 
than one transducer in a single measuring device; and 

[0027] FIG. 1 1 is a functional block diagram of one embodiment of the device 
implementing the proposed method for distance measurement in accordance with the 
present invention. 

DETAILED DESCRIPTION OF THE INVENTION 

[0028] The general idea of the present invention is that a complex, multi-component 
and adapting to changes in the environment and the measuring device itself modulation of 
the emitted pulses is the way to minimize the harmful impact from the disturbances on the 
accuracy of the distance measurement. The above-declared principle has an effect on the 
approach to establishing a correlation between the pattern of emitted pulses and the pattern 
of echo-pulses needed for further determination of the PTT. It follows from the prior art 
analysis that statistical techniques for comparison of the emitted and reflected pulse- 
patterns yield to the direct methods in the accuracy and speed of the PTT measurement. 
By the method of the present invention, the direct comparison of the pulse-patterns is 
implemented through creation of a vector v of characteristic variables derived from the 
specifics of modulation applied to the emitted pulses. These characteristic variables are the 
informative indicators that are used in the pattern comparing procedure. Suppose, V s 
denotes the informative vector for the sent pulses and v r denotes the informative vector 
for the received pulses. If the received pattern of pulses fully conforms to the sent pattern 
of pulses, then each component of the vector v s uniquely corresponds (functionally 
dependent on) with the respective component of the vector v r i.e., 

Vr->U S (1) 

[0029] If the received pattern partially conforms to the sent pattern of pulses, then 
the statement (1) is not true and the number k (k-factor) of the functionally dependent 
coordinates in the relation R = {v r ,V s } is less than the length of the vector v s . Therefore, 
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the number k serves as an indicator of the trustworthiness of the pulse patterns analysis or 
the observability of the PTT- variable and, at the same time, as a measure of the efficiency 
of the emitted pulses modulation that is currently active in the measuring procedure. In 
that way, the process of the PTT determination acquires the property of adaptation. 

[0030] Referring to Fig 1, an apparatus 10 for measuring distance 12 includes 
means for generating and sending 14 a pattern of sent pulses 16 toward a target 18. The 
apparatus 10 also includes means for receiving 20 a pattern of received or reflective pulses 
22 that are reflected at the target 18. The apparatus also includes means for modulating 26 
the sent pulses 1 6 to minimize effect of disturbances during the measuring process. The 
apparatus may also include means for evaluating observability 28 of pulse transit time for 
analysis of patterns of the sent and received pulses. A more detailed description of a 
distance measuring apparatus will be provided below. 

[0031] Referring to Fig. 2, a method 30 for distance measurement is initiated by 
beginning the i-th measuring cycle, as indicated by numeral 32. Subsequently, the method 
is implemented by setting values for a vector ^M i? i^Tj, of parameters of sent pulses 
modulation, as indicated by numeral 34. A pattern of modulated pulses is then emitted 
toward the target, as indicated by numeral 36. A pattern of echo-pulses reflected at the 
target is then received, as indicated by numeral 38. Observability ki of the PTT- variable 
in the i-th measuring cycle i=Tj; is subsequently evaluated, as indicated by numeral 40. 
The Observability ki with reference observability k* is then compared, as indicated by 
numeral 42. Altering the vector Imj, i= 1J, of parameters of the sent pulses modulation 
is then performed, as indicated by numeral 44. PTT in the i-th measuring cycle is then 
measured, as indicated by numeral 46. The distance to the target in the i-th measuring 
cycle is subsequently calculated, as indicated by numeral 48, completing the i-th 
measuring cycle, indicated by numeral 50. 

[0032] The above described method can be implemented by various embodiments, 
several of which are described below. The following sequences of operations provide 
more details about the method's various implementations. 
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Embodiment 1 



kj>k*^ |Mi = |MM 

ki <k* => | Mi = f a (|MM, Em) (2) 



S s (t,i) = Mg M i,t] 

The following notation is used in the description of the Embodiment 1. 

^vii - vector of parameters defining the type and the quantitative characteristics of the 

emitted pulses modulating procedure at the i-th step of the adaptive correction; 

f a - adaptive correcting vector-function responsible for altering the parameters of the 

modulating procedure; 

H M - set of the pulse modulating procedure's substantial parameters; 
S s (t,i) - emitted pulse pattern, M[^ Mi ,t] denotes the modulating operator. 

[0033] A reinforcement of the Embodiment 1 by adding the disturbance predictive 
capabilities makes possible further improvement of the dynamics of distance 
measurement: 



Embodiment 2 



{ 



F(ki >k + ) = true =^> Ims = £ Mi _, 



F(ki >k ) = false =* = f.^, S M ) 

V^icB M : 1 (3) 

Ss(t,i) = MgMi,t] 



[0034] Here, F(kj >k*) denotes a predicting procedure with the binary outcome 
"true" when the number k is forecasted to be greater then the threshold k* at the next i-th 
step of the adaptive correction. One possible embodiment of the Embodiment 1 and 
Embodiment 2 suggests that the adaptive correcting function is to be determined during 
the design phase of the measuring system implementation. Another embodiment of the 
method includes artificial intelligence methods for the k-factor prediction and the f a - 
function continuous determination during the process of measurement, as described in US 
Patent 6,581,047, which is incorporated by reference herein. 
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[0035] Another adaptive implementation of the present invention uses the 
prediction of the beginning moments and the duration of periods the possible disturbances 
affecting the process of measurement in each measuring cycle. This algorithm is based on 
the notion that any substantial disturbance affects the pattern of received pulses. Hence, 
the disturbances occupy certain areas on this pattern. By using the Embodiment 1, the 
correspondence of the sent and received patterns is established. Consequently, each zone 
on the received pattern that the disturbance has occupied is localized. The next step is the 
application of the predicting procedure that forecasts which segment on the pattern will be 
occupied by the disturbance at the next measuring cycle. The final step of the discussed 
version of the method of the present invention requires blocking data collection from the 
part of the received pattern of pulses that have been predicted being corrupted. This 
approach is denoted Embodiment 3. By using Embodiment 3, it makes possible the 
acceleration of the process of measurement and the sophisticated use of statistical 
techniques for the determination of the PTT too. The flowchart of the sequences of 
operations by the method's Embodiment 3 is shown in the Fig. 3. Method 60 includes 
steps 62-68 as detailed in Fig. 3. 

[0036] The important element of the method of the present invention is the f a - 
adaptive correcting vector-function that controls the parameters of the sent pulses 
modulation. The illustrative example of the level measuring application of the method 
demonstrates the importance of the adaptive correction to the accuracy of the PTT 
measurement. The example is presented in the Fig. 3. The diagram part I of the Fig. 4 
shows that the code-modulated transmitted pulses are protected against random active 
disturbances. The part II of the diagram shows that the coding of the emitted pulses 
pattern is not effective when the disposition of the fixed targets (passive disturbances) 
changes unpredictably. The part III of the diagram demonstrates that the transition to the 
amplitude modulation of the emitted pulses pattern is effective in the cases when the 
disposition of the fixed targets changes unpredictably. According to the method's 
Embodiment 1, the adaptive correcting function f a for the given example is as follows: 

f a - tracking based on the Fig. 3 example 
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# 


f a — components: substantial parameters of the sent pulses 

modulation 


Pa r a m ptp r 
Value 




Measuring Cycle I: k = 10 (1) 




1 


# Sent pulses 


3 


2 


Length of the first pulse 


L, 


3 


Amplitude of the first pulse 


yy 


4 


Duty factor of the first pulse 


DF, 


5 


Length of the second pulse 


U 


6 


Amplitude of the second pulse 


A 2 


7 


Duty factor of the second pulse 


DF 2 


8 


Length of the third pulse 


U 


9 


Amplitude of the third pulse 


A 3 


10 


Duty factor of the third pulse 


DF 3 




Measuring Cycle II: k = 3 ( 1 ) 
(Not necessarily followed by the Measuring Cycle I) 




1 


# Sent pulses 


3 i 


2 


Length of the first pulse 




3 


Amplitude of the first pulse 


M 


4 


Duty factor of the first pulse 


DF, 


5 


Length of the second pulse 


L 2 


6 


Amplitude of the second pulse 


A 2 


7 


Duty factor of the second pulse 


DF 2 


8 


Length of the third pulse 


U 


9 


Amplitude of the third pulse 


A 3 


10 


Duty factor of the third pulse 


DF 3 




Measuring Cycle III: k = 10 (1) 
(Not necessarily followed by the Measuring Cycle II) 




1 


# Sent pulses 


3 


2 


Length of the first pulse 


L| 


3 


Amplitude of the first pulse 




4 


Duty factor of the first pulse 


DF, 


5 


Length of the second pulse 


U 


6 


Amplitude of the second pulse 


A 2 
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7 


L/uiy idCLor oi ine secono puisc 




8 


Length of the third pulse 


u 


9 


Amplitude of the third pulse 


A 3 


10 


Duty factor of the third pulse 


DF 3 



[0037] The return to k = 10 in the Measuring Cycle III became possible because the 
transition to the amplitude-code modulation of the sent pulses allowed involvement of the 
additional informative indicator - the true first pulse's amplitude had to have the minimal 
value among the all scanned gained amplitudes; the property of the level measurement. 
Therefore, in the given example, the adaptive measuring system responded to changes in 
the environment (increase in the number of reflections from spurious targets) and 
controlled the parameters of the modulation of the sent pulses (pulse-code modulation -> 
amplitude-pulse-code modulation), whereby improving the accuracy of the PTT 
measurement. 

[0038] According to the object of the present invention, the origin of the waveform 
and the type of the medium through which the pulses propagate are not relevant to the 
proposed method. Therefore, the method will be explained in detail primarily by the 
example of its acoustic application. 

[0039] By the method of the present invention, the base mechanism for the creation 
of the pattern of emitted acoustic pulses: S s (t,i) = M[£ Mi ,t], i=Fj; i - measuring cycle 
number; is the pulse-code modulation. The transducer-emitted acoustic pulses are 
modulated into a pulse code such that the only certain combination of the returned bursts 
of echo pulses is considered the true sought distance-associated acoustic response. The 
time diagrams of the Fig. 5, Fig. 6 and Fig. 7, illustrate the advantages of the pulse-code 
modulation for acoustic applications. The Fig. 5 diagram shows how the prior art methods 
calculate the PTT, additionally denoted T i? at the i-th measuring cycle. The prior art 
acoustic methods capture the first echo-signal that comes to the receiver in the measuring 
cycle. Naturally, the prior art acoustic methods do not distinguish the disturbance from the 
useful echo : signal. Hence, whenever the erroneous echo-signal is captured first, the 
sought distance still is being measured through the calculation of the time Tj. Therefore, 
having Tj < T a i, makes the sought distance between the transducer and the target shorter 
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than the actual distance, and having Tj > T a i, makes the measured distance longer than the 
actual distance; T ai - the actual PTT associated with the sought distance. The later might 
occur when the true echo-signal that comes first is weak - it does not exceed thresholds of 
the device's electronic input stages and the disturbance that comes after the true echo had 
been generated, is sufficiently strong - it exceeds the electronic input stages' thresholds 
making the conventional measuring device erroneously take the disturbance as the useful 
echo-signal. This case is depicted by the Fig. 6. 

[0040] The fact that the pulse-code modulation of the emitted pulses is used in the 
method of the present invention leads to the development of several disturbance-protected 
methods distinguishing the correct PTT measurement from the incorrect PTT 
measurement. 

Embodiment 4 

n > m =e> % = 1 - true measurement 

(4) 

n < m => x = 0 - false measurement 

Here, t is ti+i are the left and the right time-boundaries of the i-th measuring cycle; 

X - Boolean indicator of the correctness of measurement; m - number of emitted acoustic 

pulse bursts; n - number of received echo pulse bursts. 

Embodiment 5 

V t e (t i5 t i+ i): i=Tj: ( n = m) & (T w = T s ± e, e > 0) => % = 1; otherwise % = 0 ( 5 ) 

[0041] Here, T w - sampling period starting at the instant of time the echo-signal is 
detected, and ending T s ± e, e > Otime-units later; T s - sent pulse-code time that includes 
the duration of the predetermined number of consequent acoustic bursts; £ - time deviation 
associated with the inertia of the transducer and parametric drift in electronic stages of the 
measuring device. The time diagram reflecting the expressions (5) is shown on the Fig. 7. 



V t e (t„ ts+i), i=l,I: 
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[0042] Many distance measurement applications are the operating speed critical; 
typical for small distances measurement such as the flat material thickness measurement 
during its manufacturing. The increase of the method's operating speed requires reduction 
of the single pulse burst's emitting time (T p ) and shortening gaps between the bursts such 
that 

T p = At b +At g < T DT = f(T T + T H ) (6) 

[0043] Here, At b - single burst time; At g - single gap time; T D t - measuring device 

transient time; T T - transducer time constant; T H - electronic hardware time constant. The 
Fig. 8 diagram shows that due to (6), the received echo-pulses are "fused" together making 
a single echo envelope. In this case, the time distance between the envelope's consequent 
local maximums or local minimums is set by the period At b +At g of the emitted pulse 
bursts. Hence, the expressions (5) transforms to 

Embodiment 6 

V t e (ti, t i+ i), i=lj: ( *h x = <p(m)) & (texio+n - tcxi(j) = T pj ± £ p , e p > 0) => % = 1; < 7 > 
otherwise % = 0 

m, maximums included 
m-1, minimums included 
2m- 1, all extremums included 

[0044] Here, m - number of emitted pulse bursts; n ex - number of 
minimums/maximums found on the time-length of the echo-envelope duration; te Xi <j } - 
timestamp for the j-th extremum on the echo-envelope of the i-th measuring cycle; T p j - j- 
th acoustic pulse burst's duration in the emitted envelope of the i-th measuring cycle. The 
sought distance-associated time T a j could be linked to any extreme point on the echo 
envelope, e.g., to the first minimum as shown on the Fig. 8 diagram. 
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[0045] We found rewarding that the echo processing that is based on the 
Embodiment 6, includes only minimums of the received echo-envelope, because 
maximums of the echo-envelope vary in the broad range depending on the environment 
(temperature, humidity, turbulence and gas composition of the air). Such informative 
signal's fluctuation might cause saturation of the measuring device's input amplifier. 
Additionally, the envelope's maximums might span a few periods of the transducers rest 
frequency due to the transducer's inertia. In both cases, the accuracy of measurement 
suffers. Therefore, for the precise measurement such as flow measurement or thickness 
measurement, the analysis of minimums is preferable. The time-diagram of the Fig. 9 
illustrates the above made recommendations. 

[0046] By altering the number of pulses in each pulse burst under the constraint (6), 
an amplitude-modulated echo-envelope could be obtained, thereby implementing the 
adaptive correcting vector- function f a (|]Mi 5 S M ) of the method's Embodiment 1 and the 
subsequent embodiments of the method. The time-diagram illustrating the above- 
described idea of the controlled complex-modulated coding of the emitted pulses is shown 
in the Fig. 10. The application of the complex-modulated pulse coding creates the 
following additional advantages: 

• A single measuring device may include more than one measuring channel having a 
transducer that works at the same proper frequency because each measuring 
channel recognizes its own echo-signal by its unique signature 

• Substantial improvement of the accuracy of measurement because the moment of 
capturing each local echo-envelope's minimum in the measuring cycle depends on 
the sought distance, pulse burst duration and the time gap between the pulse bursts, 
and it does not depend on the transducer's emitted wave length, echo pulses 
amplitude, measuring device's gain factor, and other parameters of the echo- 
processing 

[0047] With the acceptance of the controlled complex-modulated coding of the 
emitted pulses under the constraint (6), the analysis of the received echo-envelope 
becomes especially important for the PTT-variable observability evaluation and the PTT 
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measurement. In this case, the informative variables (components of the vector v s ) of the 
pattern of sent pulses are present in the form ofreference or specific numbers. This 
approach is particularly effective for the protection from passive disturbances existing in 
the acoustic medium, such as air turbulence or wind, local zones with heightened 
concentration of specific gases and/or vapor mist, and areas of increased temperature 
gradient. The method uses a relationship v r between the characteristic elements q = 
(qi, £2, ... £l) that exist on the echo-envelope, which shape is fully defined by the current 
vector of modulating parameters of the emitted pulses. One possible embodiment of the 
method suggests that 9 = Aj max /Aj min is the ratio between the envelope's j-th local 
maximum Aj max and the adjacent local minimum Aj min . Another embodiment of the 
method uses 9 = Aj max /A j±r min , reTVas a component of the vector q. The relationship v r (q) 
is application-dependent. The disturbance-protective solution reflecting the above 
reasoning and including the adaptive control of the sent pulses modulation (2) is as 
follows: 

Embodiment 7 

Vt e (ti,t i+1 ), i= Ij: 

( ne X = <p(m)) & (texi o+i) - texi (j) = T pj ± e p , e p > 0) & y ri (q) d [y ri \ y r i"] = %(ki) 

Yd Q Vri, yri C U ri \ y ri tf C V ri " 

|yri| = |yH f | = |yH f, | = ki, (8) 
kj >k* => x(ki) = 1; otherwise x(kj) = 0 

\Vri\ = |Vri'| = \V r r\ 

K — k => ^Mi = ^Mi-l 

kj <k* => |m, = fa(?Mi-l, S M ) (9) 

S s (t,i) = M[iM i9 t] 

[0048] The expression (9) of the Embodiment 7 is the one of many possible 
realizations of the adaptive control loop in the method. Depending on the application of 
the method, the sub-method (9) could be substituted with Embodiment 2 or Embodiment 3 
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of the method of the present invention or with any other possible implementation of the 
principle of adaptive control of the emitted pulses modulation. 

[0049] One embodiment of a distance-measuring device 1 10 is shown in the Fig. 
11.. The device 110 includes a Former 112; Timer 1 14; a Driver 1 16; an Emitter 1 18, a 
Receiver 120; an Amplifier 124; an Analyzer 126; an Adaptive Corrector 128, 
implementing the function f a (£jMi-i); and a Controller 130. 

[0050] The first output of the Controller 130 is connected to the first input of 
Former 112. The second output of Controller 130 is connected to the second input of 
Former 112. The third output of controller 130 is the measured distance, which is a global 
output of the device of the present invention. Controller performs two major tasks: 

1 . Controls the parameters of modulation of the emitted pulses such as amplitude, 
duration and duty factor; 

2. Calculates the measured distance based on the PTT measurement. 

[0051] The first output of Former 112 is connected to Driver 116. The second 
output of Former 112 is connected to the first input of Timer 114. The third output of 
Former 1 12 is connected to the second input of Timer 114. The output of Timer 1 14 is 
connected to the third input of Former 1 12. Former converts the Controller's vector of the 
pulse-modulation driving signals into the Drive's control output signals. Timer 114 
supports the timing of the excitatory signal pulsation. The Drive's output is connected to 
Emitter 118. Driver 116 provides an excitatory signal to Emitter 118. Emitter sends pulses 
of waveforms toward the target. The output of Receiver 120 is connected to the input of 
Amplifier 124. Receiver 120 receives pulses of waveforms reflected at the target and 
sends the corresponding electrical signal to Amplifier 124. The output of Amplifier is 
connected to the input of Analyzer 126. The first output of Analyzer is connected to the 
first input of Controller 130. The second output of Analyzer is connected to Adaptive 
Corrector 128. The output of Adaptive Corrector 128 is connected to the second input of 
Controller. Amplifier amplifies and filters the receiver's output for further analysis by 
Analyzer. Analyzer 126 performs three major tasks.: 

1. Creates a relation R{-u r ,D s } of characteristic values derived from the sent 
and received patterns of pulses; 
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2. Compares the patterns and identifies the true PTT measurement; 

3. Evaluates the observability ki of the PTT-variable. 

[0052] Adaptive Corrector 128 implements the adaptive correction f a (^Mi-i) of the 

emitted pulses based on the evaluated observability of the PTT-variable. 

[0053] The method of operation of the device of the present invention is as follows. 

[0054] Controller 130 sets the initial vector of the parameters of modulation and 
sends this vector-signal to Former 112. Former 112, having the Timer 114 in its local 
feedback loop, converts the vector of pulse-modulation driving signals received from 
Controller into a stimulus that Driver 1 16 transforms into an excitatory signal at the input 
of Emitter 1 18. On its turn, Emitter generates a series of pulses S s (t,i), i=Tj that form an 
initial pattern of the emitted pulses. These pulses propagate through an application- 
dependent medium toward the target. Then, being reflected at the target, the sent pulses 
redirect toward Receiver and become a pattern of the received pulses at the Receiver's 
output. The echo-pulses from Receiver are stored by Analyzer after their pre- 
Amplification by amplifier. Analyzer, Controller and Adaptive Corrector either could be 
implemented in the form of software modules of the device or could be comprised of the 
device's hardware units. In any case, Analyzer 24: 

1. Creates a relation R{t; r5 D s } of characteristic values derived from the sent and received 
patterns of pulses; 

2. Compares the patterns and identifies the true PTT measurement; the PTT digital 
representation goes to Controller 26 for the sought distance calculation - the global 
output of the device; 

3 . Evaluates the observability of the PTT-variable and provides Adaptive Corrector 24 
with the variable kj - the measure of the PTT-variable observability at the i-th 
measuring cycle. 

[0055] The set Em of the parameters of modulation is stored in the Adaptive 
Corrector 24 and the vector ^ivn = fa(|ivii-i ? S M ) cz S M is the output of this corrector that 
goes to Controller 26 for further altering the modulation of the sent pulses in the next 
measuring cycle: 
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ki >k => |m, = £ MM \. From 

w fc " C J> Adaptive Corrector 

v SMI AM : J b <k* => Em, = fj£ Mi _,. Sm) ^ 



kj <k => Im, = fadwn, S M ) 

S s (t,i) - Mg Mi ,t] From Emitter 



[0056] Thus, the device performs an adaptive control to the pattern of emitted 
pulses 1, whereby protecting the distance measurement against various passive and active 
disturbances affecting the accuracy of the measurement; the alteration of the parameters of 
modulation might not occur at each next measuring cycle. 

[0057] Although this invention has been shown and described with respect to the 
detailed embodiments thereof, it will be understood by those skilled in the art that various 
changes in form and detail thereof may be made without departing from the spirit and 
scope of the invention. 
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